With the current lack of understanding of the water transport phenomenon in the porous gas diffusion layers (GDLs) of the polymer electrolyte membrane fuel cells (PEMFCs), GDL designs are primarily implemented on a costly trial-and-error basis. In this work, an ex-situ device, suitable for micro-computed tomography (micro-CT) imaging, was designed to facilitate liquid water invasion of a GDL sample under flow field compression. The millimeter-scale apparatus allows for water injection from a point source with an opening diameter of 0.8 mm. A sample of felt-based Freudenberg GDL (H2315) was examined for the current study. Using micro-CT, the sample was scanned, before and after water invasion, to obtain high resolution, three-dimensional reconstructions of the dry GDL microstructures, as well as the liquid water patterns after breakthrough. These results were used to find the effect of liquid water content on the effective through-plane porosity for the felt-based Freudenberg GDL.
INTRODUCTION
The gas diffusion layer (GDL) is an integral component of the polymer electrolyte membrane fuel cell (PEMFC); it provides passages for electron conductions, transport of gaseous fuel, and heat/water removal [1] [2] [3] . Water management within the GDL is critical to the operation of PEMFC.
Excessive water may restrict reactant gases from reaching the catalyst layer; however, an insufficient amount of water may lead to membrane dehydration, excessive heat, and iconic conductivity losses [3] . Due to the complexity of the GDL three-dimensional (3D) structures and its variable hydrophobicity, water transport phenomena within its fibrous networks are not fully understood. This has led to a trial-anderror approach to GDL design, selection and preparation.
Primarily two non-destructive imaging techniques have been employed to visualize the water content within the internal structures of the GDL carbon fibrous networks; they are: neutron radiography [4] [5] [6] , and X-ray imaging [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . With a spatial resolution of approximately 50 μm and a low carbon sensitivity, neutron radiography is incapable of resolving the porous structures of the GDL from void space, rendering the fibrous networks invisible [16] . Moreover, the resulting twodimensional images cannot be used to distinguished liquid distribution along the depth of the GDL [8] . On the other hand, X-ray imaging, with its high sensitivity to water and carbon, and the ability to obtain 3D reconstructions, is well suited for GDL water content analysis. In addition, with recent improvements to the technology, X-ray imaging can deliver far superior spatial resolutions compared to neutron radiography.
X-ray imaging has previously been employed for in-situ fuel cells to obtain both 2D images [11] [12] [13] and 3D microcomputed tomography (micro-CT) reconstructions [7] [8] [9] [10] of liquid water within the GDL. Using synchrotron-based micro-CT, Kruger et al. [10] obtained water distributions within the GDL (SGL Carbon 10BC) and the flow field channels, subsequent to the operation of a PEMFC. Similarly, Sinha et al. [7, 8] quantified water saturation by obtaining tomographic data of a paper GDL after gas purge. Both research groups were able to obtain spatial resolutions of approximately 10 μm.
Several ex-situ experiments had been devised to allow for three-dimensional X-ray imaging of the dry GDL structures [18-20, 22, 23] , and with water injection [14] [15] [16] . In addition to having a simpler configuration, ex-situ devices have the added advantage of having smaller physical dimensions than in-situ experiments, thereby improving obtainable spatial resolutions. For example, Fishman and Bazylak [18] [19] [20] determined the heterogeneous through-plane GDL porosity distribution by utilizing X-ray micro-CT to obtain 3D images with 2.44 μm resolution.
In the current study, an ex-situ device was designed to facilitate micro-CT analysis, and to enable liquid water injection of a GDL sample under flow field compression. Prior investigations of GDL water invasion in ex-situ devices either had no flow field compression [14] [15] [16] , or the analysis was restricted to 2D imaging [17] . In the current device, the millimeter-scale apparatus allows for water injection from a small opening (0.8 mm diameter), representing a point source, speculated to be similar to the way water is generated at the catalyst layer.
EXPERIMENTAL METHODOLOGY

Water Invasion Device
The water invasion device ( Figure 1 ) consists of 4 main components: (a) a flow field compression plate, (b) a gasket, (c) a GDL sample, and (d) a back plate. A sample of GDL with a cross sectional area of 7 mm x 7 mm was set into the 0.5 mm deep square inset on the back plate. A compression plate with alternating ribs (width and depth of 1 mm and 1.5 mm, respectively) and flow field channels (width of 1 mm) was used to apply pressure on the GDL. To prevent leakage, a 10 mil thick silicone gasket was placed around the rib protrusions. The back and compression plates were developed using the Polyjet rapid protyping technique (Nova Product, Toronto, Canada); the resulting polymer parts ensured transmission of the X-ray beam during the micro-CT imaging.
Compression of the GDL was calibrated with a pressure sensitive 'prescale' film (Fujifilm, Canada). To determine the amount of applied pressured on the GDL, the prescale film was placed in between the compression plate and the GDL. As the invasion device was compressed together using four bolts tightened at known torque values, the prescale film changed colour, with its colour intensity proportional to the applied pressure. Film scanning software (Pressure Distribution Mapping System, FPD-8010E, Fujifilm, Canada) was subsequently used to determine accurate pressure distribution. This method allowed variable bolt torque values to be related to the applied GDL pressures. For this study, an average pressure of 1.2 MPa was applied by the ribs of the compression plate during the water invasion process.
Water Invasion of GDL
Liquid water was injected into water invasion device from a 1 ml syringe, with the flow rate controlled by a syringe pump (Model 11 Plus, 70-2212, Harvard Apparatus, MA, USA). Water entered the top of the back plate and, through its internal channel, is injected into the GDL from a 0.8 mm diameter hole in the centre of the square inset. A pressure transducer (PX309-005G5V, Omega Engineering, Connecticut, USA) was employed to monitor the water pressure during water invasion.
Experimental Procedures
The GDL used for this study consisted of a felt-based microstructure (Freudenberg H2315), which did not contain microporous layers (MPL) or polytetrafluoroethylene (PTFE) treatments, because the main objective of this work is to investigate the feasibility of obtaining micro-CT images using an easily penetrable GDL. A future study will evaluate the effects of both the microstructures and surface treatments on the water invasion process.
During an experimental run, the vertically-oriented water invasion device containing a compressed, dry GDL was initially imaged, prior to water injection, using an X-ray based micro-CT desktop scanner (Skyscan 1172, Belgium), located in the Department of Chemical Engineering and Applied Chemistry, at the University of Toronto. To avoid reconstruction artifacts, the device cross section cannot drift out of the conical X-ray beam during projection imaging [10] . With this design restriction in mind, the dimension of the water invasion device was minimized, such that the highest achievable resolution was 4.7 microns. After a dry scan was completed, liquid water was injected into the GDL at a flow rate of 8 μL/minute. For our GDL with an area of 0.49 cm 2 , this flow rate represents a current density of approximately 3.0 A/cm 2 in an equivalent operational fuel cell. As water slowly injected into the GDL, pressure data was monitored and collected using Labview. After breakthrough, as indicated by a sudden decrease in water pressure, the flow was curtailed and the tubing at the top of the water invasion device was disconnected. Back flow within the device's internal channel was prevented by an inline check valve (P-696, Idex Health and Science, WA, USA). X-ray imaging of the wet GDL was subsequently acquired so that a comparison can be made with the dry GDL benchmark.
The two sets of raw micro-CT data were reconstructed using the Skyscan NRECON software, which is capable of removing ring artifacts using a pixel averaging technique. The resulting stacks of GDL cross sectional images, forming 3D reconstructions, were then processed into the through-plane and in-plane slices using the FIJI image analysis software. Figure 2 shows the pressure profile during the liquid injection process. The meniscus of the flow of water travelled within the internal channel of the invasion device for the first 150 seconds until it came into contact with the surface of the GDL. Thereafter, the water pressure increased linearly with time for an additional 7 minutes. Once a critical pressure of approximately 1.5 psi was reached, water began to penetrate the surface of the GDL. The actual invasion of water through the GDL thickness took only a matter of seconds before breakthrough occurred on the opposite side. After breakthrough, the pressure decreased exponentially until leveling off to an asymptotic value of 0.4 psi.
RESULTS AND DISCUSSION
As previously discussed, three-dimensional micro-CT reconstructions were obtained for the GDL before water injection and after the breakthrough event. Two in-plane slices of the GDL sample, at the same through-plane position (close to the water injection hole), are shown in Figure 3 for these two cases. For the dry GDL (Figure 3(a) ), there is good contrast between the carbon fibres and the void space. Although the image of the wet GDL (Figure 3(b) ) is distinctly different from that of the dry GDL, it is difficult to visually segment the liquid water from the carbon fibres due to a lack of contrast. However, because the void space is distinguishable even for the wet GDL, the effective porosity profiles can still be determined by analyzing these grey-scaled image slices.
For each set of the three-dimensional reconstructions, the GDL sample (in both its dry and wet states) was cropped into The red curve denotes the effective porosity prior to water injection; and the blue curve, after water breakthrough.
porosity by approximately 5% for the range of through-plane positions from 0 to 70%. The difference in porosity profiles for the remainder of the through-plane thickness (70 to 100%) is more dramatic. In this region of the GDL thickness, the porosity gradually increased from approximately 85% to 100% under the flow field channels. Yet for the same through-plane positions under the rib, an opposite trend is observed where the porosity decreased from approximately 80% to 70%. The porosity distribution of uncompressed Freudenberg H2315 without surface treatments was earlier characterized Fishman et al. [18, 21] . The authors found that the porosity was constant in the "core region," and that outside of this core region, the porosity increased linearly to almost 100% near the surfaces. The constant core regions can also be observed in dry porosity curves of Figures 4 and 5 . However, compression near the wall and the ribs significantly altered the increasing porosity trend that was found by Fishman et al.
After the breakthrough event, the water content in the GDL decreased the effective porosity by approximately 15% in both the regions under the ribs (Figure 4 ) and under the flow field channels ( Figure 5 ) for the range of through-plane positions from 0 to 70%. By comparing the wet (blue) curve with the dry (red) curve in Figure 5 , it can be observed that there is little water content in the 30% of the GDL thickness near the channel opening. Further investigations is required to better understand the small change in effective porosity for the same range of through-plane positions (70 to 100%) in Figure 4 , where this region of GDL is heavily influenced by rib compression.
CONCLUSION
In this study, the feasibility of designing an ex-situ water invasion device to analyze GDL water content using X-ray micro-CT imaging was demonstrated. Injection of water from a point source (0.8 mm diameter) into a sample of Freudenberg H2315 showed that the pressure required to penetrate the GDL surface is approximately 1.5 psi, for a flow rate of 8 μL/minute.
Through-plane porosity distributions obtained from threedimensional reconstructions of the dry and wet GDL micro-CT data helped to quantify internal water content. After breakthrough, the overall effect of water injection is to reduce the effective porosity by approximately 15%, at through-plane positions of 0 to 70%. For the regions of the GDL under the flow fields, there remained little detectable water content in the 30% of the GDL thickness near the channel openings. In the same through-plane positions under the ribs, the effective porosity remained at approximately the same level as its core region (approximately 65%).
Future study will entail investigations of different GDL microstructures (paper and cloth) so that material specific behaviour of liquid water invasion can be analyzed. The use of the current ex-situ experimental device can also be extended to investigate the effects of GDL surface treatment (PTFE and MPL) and injection flow rate on the liquid water content. An algorithm for image subtraction, currently being developed, to isolate the three-dimensional water invasion patterns can be used in the future to validate existing pore-network modeling of the various GDL microstructures [24] .
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